ABSTRACT This paper investigates the output constraint problem for switched uncertain nonlinear systems with unknown dead-zone input. The system output is constrained by a time-varying bound, and the time-varying Barrier Lyapunov Function (BLF) is employed to guarantee that the constraint condition is not violated. The parameter of considered dead-zone is unknown but bounded. In order to remove the effectiveness caused by dead-zone, an adaptive scheme is used to adjust the bound of the unknown parameter. In addition, the unknown system dynamic is taken into account, which is modeled by using fuzzy logic systems (FLSs). Combing the backstepping technique, an adaptive controller is constructed such that all the signals in the closed-loop system are bounded under arbitrary switching signal, and the system out can track the reference signal as soon as possible. Moreover, the constraint condition for system output is ensured. Finally, an example is employed to explain the effectiveness of the proposed method.
I. INTRODUCTION
In many practical systems, due to the security or actual requirements, some quantities of systems are limited by certain constraints. The constraint problems can be generally summarized as the output constraint [1] - [4] , state constraints [5] - [7] and input constraints [8] - [12] of the systems. The state constraints include partial state constraints [13] , [14] and full state constraints [15] - [17] . The output constraint problem is the most common constraint problem, which is also the partial state constraint issue in many cases. A feasible scheme to address such problem is the Barrier Lyapunov Function (BLF) based control approach. If the output is constrained by a constant, then the variable associated with the constraint in the BLF is a constant. For example, in [18] , an adaptive fuzzy output feedback decentralized control strategy is proposed for interconnected non-strict feedback nonlinear systems with the output being constrained by a constant. If the output is constrained by a time-varying
The associate editor coordinating the review of this article and approving it for publication was Zheng Chen. function, then the BLF is also time-varying [19] . The authors in [20] develop a single neural network (NN) based adaptive controller for uncertain multiple-input multiple-output (MIMO) systems while the time-varying asymmetric constraint is required. In this paper, the second situation is taken into account, thus, the time-varying BLF based control design is used to make sure that the constraint condition of output is satisfied.
As we all know, with the increasing complexity of real systems, simple single mode systems often fail to accurately describe the characteristics and structural characteristics of practical plants. Otherwise, it will lead to imprecise control. Switched systems as a class of multiple mode systems can make up for this shortcoming, so the control of switched systems has attracted many scholars' attention. At present, there are many control results about switched systems [21] - [26] . To be more specific, by using the parameter separation technique and average dwell time scheme, an adaptive partial-state feedback control approach is established in [27] . Besides, by exploiting a specific BLF and command filter technique, an intelligent adaptive control strategy is exploited in [28] for switched nonlinear lower-triangular plants to solve the problem of ''explosion of complexity''. However, few of these results considers the existence of nonlinear input.
As a matter of fact, in a good deal of real world applications, the nonlinear input often exists in control systems. Common nonlinear inputs include dead-zone [29] - [31] , saturation [32] , [33] , hysteresis [34] , [35] , and so on. In this paper, the switched nonlinear system with dead-zone input is considered. The existence of dead-zone may destroy the system performance and even destroy the stability of the system. Therefore, it is necessary to eliminate the impact of dead-zone. So far, there are many results about deadzone, which include the case that the dead-zone parameters are known [36] and the case that the dead-zone parameters are unknown [37] - [39] . Obviously, the unknown deadzone parameters make the controller synthesis more difficult. Hence, the dead-zone input with unknown parameters is considered here, and the adaptive technique is employed to deal with unknown parameters. Unlike nonswitched systems with dead-zone, the existence of switching signal is also required to consider in switched systems. Thus, the situation in this paper is more complex.
In addition, due to environmental factors, the uncertainty often exists in the system. There are many methods to deal with uncertainty. For example, NNs based control method [40] - [43] and fuzzy logic systems (FLSs) [44] , [45] based control scheme, and etc. Based on these methods, the unknown nonlinear dynamics in the considered systems are approximated by the intelligent tools. In this sense, the displacement tracking problem of piezoelectric actuators is solved in [46] by combining the Levenberg-Marquardt algorithm and NN approximators with the nonlinear model predictive control approach. To address the issue of packet dropouts and actuator failure, an fuzzy event-triggered fault tolerant controller is structured in [47] by the utilization of the Bernoulli random distribution process. Hence, it motivates us to introduce the NNs as the modeling tools for the unknown functions appearing in the considered switched systems.
According to the above analysis, this paper studies the problem of time-varying output constraint of switched nonlinear system with unknown dynamics and dead-zone. The fuzzy logic systems (FLSs) are used to approximate the unknown dynamics of the considered system, and the adaptive method is employed to deal with the dead zone with unknown parameters. An adaptive controller based on the time-varying BLF is designed to ensure that all the signals in the closed-loop system are bounded under arbitrary switching signal, and the system output can track the reference signal. Moreover, its constraint is not violated.
The contribution of this paper is that the Tan-type timevarying BLF is proposed to make sure that the constrain condition is not violated for the switched systems.
Notation: R n stands for the n-dimensional space, R represents the 1-dimensional space. For a given matrix A (or vector v), A T (or v T ) stands for its transpose. k is a compact set. | · | denotes the absolute value.
II. PROBLEM DESCRIPTION
Consider the switched nonlinear system:
where x i ∈ R, i = 1, . . . , n are system states withx i = [x 1 , . . . , x i ] T . y ∈ R stands for the system output. In this paper, the system output y = x 1 is required to satisfy the condition |x 1 (t)| ≤ κ y (t) with κ y (t) being a time-varying function. σ : [0, +∞) → P = {1, 2, . . . , p} is the switching signal and p represents the number of subsystems. f k i (x i ), i = 1, . . . , n, k ∈ P are unknown smooth nonlinear functions. u k (t) ∈ R is the subsystem input. At the same time, u k (t) is the output of the considered dead-zone, which can be modeled as
where v k (t) is the input of the dead-zone, d r k and d l k are the breakpoints of the dead-zone, which are unknown, c k is the slope of the dead-zone.
Define
then, the dead-zone (2) can be expressed as
Note that d k (t) is a bounded function, and
In this paper,θ j is the estimation of the θ j , we assume thatθ j (0), j = 1, 2, . . . , n are required to satisfŷ θ j (0) ≥ 0, which implies thatθ j ≥ 0.
Lemma 1 [45] :The unknown functionsf i,k (x) are continuous on a compact set k , for any given constant
III. ADAPTIVE FUZZY CONTROLLER DESIGN BASED ON TIME-VARYING BLF
In this section, the backstepping technique is used to construct the controller. First of all, define the following coordinate transformation
where y d (t) is a desired signal with |y d (t)| ≤ Y 0 (t), and its time derivatives up to the nth order satisfy |y
. . , α n−1 represent the virtual controllers, which will be designed during the design procedure.
Step 1: Based on the first equation of (1) and (4), we haveė
can be further written aṡ
f k 10 is unknown because of the unknown function f k 1 . Then from Lemma 1, f k 10 can be approximated by FLSs as
where
In order to guarantee the output satisfy the time-varying constraint condition, consider the following time-varying BLF-Tan
where κ(t) = κ y (t) − Y 0 (t) is a smooth bounded function, η 1 is a positive constant,θ 1 (t) = ϑ 1 −θ 1 (t) is the estimate error withθ 1 (t) being the estimation of ϑ 1 , and ϑ 1 = max{ θ 1,k , k ∈ P} Next, one gets theV 1 aṡ
For convenience, (t), which stands for time, is omitted. Further, define β = sec 2 ( πe 2 1 2κ 2 )e 1 , thenV 1 becomeṡ
Take (6) into account, we can obtaiṅ
Defineκ 1 = sup (κ κ ) 2 + κ 0 with κ 0 being a small positive constant, then, it holds thaṫ
According to the Young's inequality, one has
where δ 1,k is a positive design parameter. According to (10) , (11) and (12), we havė
The virtual control and tuning law is given as
In addition, consider the fact that
we getV
Step 2: Combing the second equation of (1), (4) anḋ e 3 = x 3 − α 2 , we havė
wherė
Let f k 20 = f k 2 −α 1 , which is unknown, and the FLSs are employed to approximate it
Consider the common Lyapunov function
where η 2 > 0 is a design parameter,θ 2 = ϑ 2 −θ 2 is the estimation error andθ 2 is the estimation of ϑ 2 with ϑ 2 = max{ θ 2,k , k ∈ P}. Therefore, the first-porder derivative of V 2 iṡ 
where δ 2,min = min{δ 2,k : k ∈ P}, λ 2 > 0. Substitute (16) , (21) and (22) into (20), one getṡ
Step (24) where f k m0 = f k m −α m−1 is an unknown function, which is approximated by FLSs as
Consider the common Lyapunov function 
Step n:
which is approximated by FLSs as
Then,ė n becomeṡ
where ξ k is an unknown constant. VOLUME 7, 2019 Choose the following common Lyapunov function
where η n > 0, η ξ n > 0,θ n = ϑ n −θ n ,ξ k = ξ k −ξ k .θ n and ξ k are the estimations of ϑ n and ξ k , respectively. In addition, ϑ n = max{ θ n,k , k ∈ P} By using Young's inequality, one haṡ
Design the controller and the adaptive law as
then, the derivative of V n can be obtained aṡ
Moreover, it hasV
IV. THEOREM RESULT
Theorem 1: Consider the switched uncertain nonlinear system (1) with dead-zone input (2), if Assumption 1 holds, the designed virtual controllers (14) , (21), (27) , the actual control input (34) , and the adaptive laws (15), (22), (28), (35) , (36) can guarantee that 1) all the signals in the resulted system are bounded; 2) the system output y = x 1 can track the reference signal y d ; 3) for the bounded initial output x 1 (0), which satisfies |x 1 (0)| ≤ k y (0), the constraint condition |x 1 (t)| ≤ κ y (t) for the system output is not violated.
Proof: Select the common Lyapunov function as
Following the above analysis, it holds thaṫ
By solving the inequality (40), we have
From (39) and (41), we know that for bounded initial condition, e j ,θ j , j = 1, . . . , n andξ k , k = 1, . . . , p are bounded. Since ϑ j and ξ j are bounded, according toθ j = ϑ j −θ j andξ j = ξ j −ξ j ,θ j andξ j are also bounded. From (34) , it is easy to know v k is bounded. Then, all the signals in the resulted system are bounded. Because e 1 = x 1 − y d , we have
. Therefore, the constraint condition |x 1 (t)| ≤ κ y (t) for the system output is not violated.
V. SIMULATION EXAMPLE
In this section, the following switched nonlinear system is considered to explain the effectiveness of the proposed approach (42) where x 1 , x 2 are the system states with their initial values
. y = x 1 is the system output, which is constrained by κ y (t) = 0.75 + 0.2 cos(0.8t + 8). u k (t) (k = 1, 2) is the system input, and is also the output of the following dead-zone
with
In this simulation, the switching rule is performed as follows, The simulation results are shown in Figs. 1-6 . Fig.1 is the switching signal. Fig.2 gives the trajectories of the system output y = x 1 and its time-varying constraint bound, and the reference signal y d . From Fig.2 , we see that a good tracking performance is obtained. At the same time, the constraint condition of system output is satisfied. Fig. 3 expresses the curves of x 2 and the error e 2 . Fig. 4 shows the input of dead-zone. The trajectories of adaptive parameters are in Fig.5 and Fig.6 , respectively. From the above figures, the validity of the designed control policy is demonstrated.
VI. CONCLUSION
An adaptive fuzzy control scheme is realized for a class of nonlinear switched systems with time-varying constraint and VOLUME 7, 2019 unknown dead zone. The time-varying BLF-tan is introduced to guarantee that the system output stays in a predefined timevarying constraint boundary. At the same time, the unknown internal dynamics are approximated by the FLSs. To overcome the unknown parameters in the dead zone considered, an intermediate variable is developed to provide a adaptive adjustment mechanism, which counteracts the influence of the dead zone. In the end, a numerical example is presented to demonstrate the validity and reasonability of the BLF-tan based control strategy. She is currently an Associate Professor in chemical and environmental engineering with the Liaoning University of Technology. Her research interests include process control, adaptive control, nonlinear control, and neural network control.
